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In the last decade, organocatalysis has rapidly evolved to a mature field in asymmetric synthesis, complementary to enzymatic and organometallic catalyses. [1] Nowadays, organocatalyzed transformations enrich the arsenal of the synthetic chemists who aim at the enantioselective construction of complex molecules. [2] Organocatalysis possesses the advantage of relying on straightforward experimental procedures and readily accessible reagents. In fact, organocatalysts are cheap, easily available, environmentally benign and stable towards air and moisture. To profit completely from these benefits, the choice of reagents and co-catalysts in organocatalytic processes should be limited accordingly to moisture-tolerant compounds which do not interfere with the catalyst, by either coordination or covalent bonding. In this perspective, hypervalent iodine (III) reagents are well-suited for application in organocatalysis, because of their stability to air and moisture, and their tolerance towards many organic functional groups.
[3] Furthermore, their use as electrophilic reagents or oxidants in bond-forming reactions usually yields iodoarenes as by-product, which are inert under organocatalytic conditions. On the other hand, the compatibility of a nucleophilic organocatalyst (i.e. a secondary amine) with electrophilic /oxidant species represents a potential pitfall, which requires fine-tuning of the organoiodane (III) properties by careful design. Perhaps because of this challenge, the two emergent fields of organocatalysis and hypervalent iodine chemistry have evolved in parallel and met only sporadically in the last decade, although with outstanding outcomes.
In the present article, selected examples of asymmetric reactions employing an amine or an ammonium as organocatalyst together with hypervalent iodine reagents for the -functionalization of carbonyl compounds are highlighted. [4] The astounding advances made in asymmetric catalysis with chiral hypervalent iodine compounds, used catalytically or stoichiometrically, will not be discussed herein. [5] Figure 1. Advantages of organocatalysts and hypervalent iodine reagents.
The first asymmetric transformations exploiting hypervalent iodine reactivity in amine organocatalysis were oxidation reactions. In 2005, Córdova and co-workers described the use of iodosobenzene (1) as oxygen-transfer reagent in the -oxidation of cyclohexanones, catalyzed by (S)-proline (2) (Scheme 1). [6] The protocol directly afforded -hydroxy cyclohexanones in moderate yields and enantioselectivities via enamine catalysis, whereas most other oxygen-transfer reactions using organocatalysts do not give the free alcohol as product. Nevertheless, a superior procedure for this asymmetric transformation employing molecular oxygen had been already reported by the same group, [7] which probably explains why no follow-ups of this reaction have appeared in the literature. One year later, MacMillan and co-workers reported the organocatalytic asymmetric epoxidation of ,-unsaturated aldehydes using iodosobenzene as the oxygen source (Scheme 2). [8] Intensive optimization of the reaction conditions was necessary to achieve excellent yields and This is the peer reviewed version of the following article: chemcatchem 2012, 4, 955, which has been published in final form at http://onlinelibrary.wiley.com/doi/10.1002/cctc.201200116/abstract. This article may be used for non-commercial purposes in accordance With Wiley-VCH Terms and Conditions for self-archiving enantioselectivities. Interestingly, the authors found that the controlled in-situ release of iodosobenzene via slow hydrolysis of [(nosylimino)iodo]benzene (3, NsNIPh) was crucial to avoid the catalyst oxidation. In this asymmetric epoxidation, imidazolidinone 4 was engaged in an iminium/enamine cascade, while iodosobenzene displayed an ambiphilic behaviour. However, as it was the case for the -hydroxylation reaction, numerous other organocatalytic methods are more efficient for the epoxidation of ,-unsaturated aldehydes. Consequently, these two early examples failed to reveal the real potential of hypervalent iodine reagents in organocatalysis.
Scheme 2. MacMillan's asymmetric organocatalytic epoxidation using hypervalent iodine reagent (Ns = (4-nitrophenyl)sulfonyl).
A further proof of the compatibility of hypervalent iodine reagents with amine catalysis was given in 2007 by Gaunt and co-workers, who reported a beautiful enantioselective dearomatization-organocatalytic Michael addition cascade (Scheme 3). [9] The careful choice of the oxidant (phenyliodonium diacetate, 5) was key for accomplishing a chemoselective oxidation of the phenol moiety to the quinone in the presence of the aldehyde and the amine. The best catalyst proved to be diarylprolinol 6, which allowed the asymmetric preparation of complex molecular architectures, starting from flat, aromatic molecules. In this example the group introduced in -position to the carbonyl did not originate directly from the hypervalent iodine reagent. Nevertheless, it proved for the first time that C-C bond formation was possible in the presence of a hypervalent iodine oxidant, as previous methods used a stepwise oxidation-Michael addition approach. Up to 2010, there was no example of organocatalyzed C-C bond formation involving direct transfer of a substituent from a hypervalent iodine reagent. This is surprising, as nonasymmetric methods had been known for a long time. [4] In 2010, MacMillan and Allen reported the first example of such a transformation, describing the enantioselective α-trifluoromethylation of aldehydes (Scheme 4). [10] In this case, the treatment of aldehydes with 3,3-dimethyl-1-trifluoromethyl-1,2-benziodoxole (7) (Togni's reagent) in the presence of imidazolidinone catalyst 8 and CuCl as Lewis acid led to the formation of α-trifluoromethylated products with high enantioselectivity. In this transformation, the potential of hypervalent iodine reagent in organocatalytic reactions is finally fully revealed. In fact, the only other reported organocatalytic method for the trifluoromethylation of aldehydes is based on photocatalysis and requires the use of difficult to handle gaseous CF 3 I. [ An important progress in the enantioselective α-functionalization of aldehydes was reported in 2011 by MacMillan and co-workers. [12] The non-toxic, readily accessible and air and moisture stable diphenyliodonium triflate salts 9 or 10 were used as arylating agents in an efficient organocatalytic reaction using chiral amine catalyst 11 in combination with CuBr as catalyst (Scheme 5). Importantly, organocatalytic -arylation of carbonyl compounds are difficult to achieve and had been limited to nucleophilic aromatic substitution of electron-poor aromatic compounds or addition to quinones. [13] With the use of aryl iodonium salts, the transfer of nonactivated benzene rings became possible for the first time.
For both the arylation and the trifluoromethylation reactions, the use of a copper salt as co-catalyst was essential for an efficient reaction. The activation of the aldehydes proceeds most probably via the classical amine organocatalysis catalytic cycle involving an enamine A and an iminium B (Scheme 6). The role of the Cu catalyst was proposed to be activation of the electrophilic hypervalent iodine reagent (El). Nevertheless, a different mechanism of activation was hypothesized for both transformations. In the case of 3,3-dimethyl-1-trifluoromethyl-1,2-benziodoxole (7), CuCl probably acts as a Lewis acid to form a more electrophilic iodonium salt El1. This intermediate is reactive enough to be attacked by the enamine A, most probably via first C-I bond formation to give C, followed by a reductive elimination on iodine to give B. In contrast, copper was proposed to be a redox active catalyst in the case of the aryl iodonium salt. Oxidative addition of Cu(I) on the hypervalent iodine reagent would lead to a highly electrophilic Cu(III) intermediate El2, which would react with the enamine and lead to the arylation product after reductive elimination on copper via intermediate D. These two reactions serve also well to remember the versatile nature of hypervalent iodine reagents, which can act either as electrophiles or oxidants and can even displayed "transition metal-like" properties. In all the previous examples, the combination of organocatalysis and hypervalent iodine reagents for the -functionalization of carbonyl compounds has been based on enamine/iminium catalysis. Recently, both the arylation and alkynylation of ketoesters have become possible under phasetransfer conditions using hypervalent iodine reagent. [14] In particular, our group reported the first example of asymmetric induction for the alkynylation of ketoesters using ethynylbenziodoxolone reagent 12 (TMS-EBX, Scheme 7). In this work, the use of a cinchona-derived ammonium catalyst 13 led to the formation of the free acetylene in 40% ee. [15] Although the observed enantioinduction is still too low to be preparatively useful, this result constitutes an important progress in the field, as the only other reported asymmetric alkynylation method using phase-transfer catalysts was limited to propiolate derivatives. [16] Toluene, 0 ºC sat. KF (0. A possible mechanism for the α-alkynylation of ketoesters using cinchona-derived ammonium catalyst is shown in Scheme 8. The catalytic cycle is initiated by ammoniumcatalyzed transfer of the fluoride anion from aqueous to organic phase. The fluoride then deprotects the TMS-EBX reagent, generating a base able to deprotonate the ketoester to form an enolate intermediate bound to the chiral ammonium catalyst. Attack of the enolate on the -position of the ethynyl benziodoxolone leads then to a carbene intermediate, which finally gives the alkynylated product via a Fritsch-ButtenbergWiechel rearrangement. Recently, Olofsson and co-workers have shown that a mechanism involving first attack of the oxygen of the enolate on the iodine followed by C-C bond formation was favored in the case of aryliodonium salts. [14b] This result allowed them to rationalize why a racemic product was always obtained even when using chiral phase transfer catalysts, as the countercation is not bound anymore at the moment of C-C bond formation. This alternative mechanism would also be possible for the alkynylation reaction. In this case however, the leaving carboxylate anion is covalently bond to the iodine, allowing asymmetric induction.
When considering these isolated but impressive results, it becomes apparent that the combination of organocatalysis and hypervalent iodine chemistry in enantioselective transformations is still largely underexplored. From this merger, new exciting synthetic possibilities are expected in the future, benefiting from the advantages of both areas.
HIGHLIGHT
Organocatalysis and hypervalent iodine (III) chemistry are coming increasingly in the focus of research. Interesting synthetic possibilities originate out of their merger, benefiting from the advantages of both areas. In the present highlight, selected examples combining asymmetric organocatalytic processes and hypervalent iodine reagents for the functionalization of carbonyl compounds are discussed. 
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